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We report the nuclear magnetic resonance (NMR) and nuclear quadrupole resonance (NQR)
measurements for non-centrosymmetric superconductors Re7B3, LaBiPt, and BiPd contain-
ing heavy elements. For all three compounds, the spin-lattice relaxation rate 1/T1 shows a
coherence peak just below Tc and decreases exponentially at low temperatures, which indi-
cates that an isotropic superconducting gap is dominant in these compounds. In BiPd, the
height of the coherence peak just below Tc is much suppressed, which suggests that there
exists a substantial component of gap with nodes in this compound. Our results indicate that
heavy element is not the only factor, but the extent of inversion symmetry breaking is also
important to induce a large spin-orbit coupling and an unconventional superconducting state.
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1. Introduction
In recent years, non-centrosymmetric superconductors have attracted much interest. In
non-centrosymmetric systems, an antisymmetric spin-orbit coupling (ASOC) interaction is
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†Present address: Department of Liberal Arts and Sciences, Toyama Prefectural University, Toyama 939-0398,
Japan.
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induced and a parity-mixed superconducting state is allowed. The extent of the parity mix-
ing is determined by the strength of the ASOC.1–3 Moreover, the existence of topologi-
cally protected zero-energy surface- or edge-states has been pointed out recently in non-
centrosymmetric superconductors.4, 5
Since the discovery of the non-centrosymmetric compound CePt3Si,6 many superconduc-
tors without inversion symmetry have been reported. They can be categorized into two types.
Namely, the strongly-correlated electron systems such as UIr7 and CeRh(Ir)Si3,8, 9 and the
weakly correlated electron systems that include Li2Pd3B, Li2Pt3B and Mg10Ir19B.10–12 In the
former class of materials, the electron correlations seem to play an important role in deter-
mining the superconducting properties. The latter class is therefore more suitable for studying
the pure effects of inversion-symmetry breaking and ASOC interaction.
The isostructural Li2Pd3B and Li2Pt3B show considerable differences.13–15 The 11B spin-
lattice relaxation rate (1/T1) in Li2Pd3B shows a coherence peak just below Tc and decreases
exponentially at low temperatures.13 On the contrary, 1/T1 of Li2Pt3B decreases below Tc
without a coherence peak and follows T 3 variation.14 Also, the Knight shift (K) changes
below Tc in Li2Pd3B but does not change across Tc in the case of Li2Pt3B. These results
suggest isotropic gap, spin singlet superconductivity in Li2Pd3B, but nodal gap, spin triplet
superconductivity in Li2Pt3B. In this case, a strikingly different ASOC was believed to be
the origin for the different superconducting state. The strength of the ASOC interaction is
proportional to the square of the atomic number Z2. Since Pt (5d) is below Pd (4d) in the
periodic table of elements, the ASOC interaction is much stronger in Li2Pt3B than Li2Pd3B.
In order to shed more light on the subject, studies on other non-centrosymmetric su-
perconductors containing heavy elements are desired. In this paper, we report the nu-
clear magnetic resonance (NMR) and nuclear quadrupole resonance (NQR) studies on non-
centrosymmetric superconductors Re7B3, LaBiPt, and BiPd that contain heavy elements.
Re7B3 (Tc∼3.3 K) has a hexagonal unit cell with the space group of P63mc.16 LaBiPt
(Tc∼0.9 K) is one of the half-Heusler compounds with the space group of F ¯43m and is pro-
posed to be a candidate for a topological superconductor.17–19 The isostructural compounds
YBiPt and LuBiPt are also reported to be superconductive.20, 21 BiPd (Tc∼3.8 K) has a mon-
oclinic structure,22 the same structure with UIr,7 with the space group of P21. From the point
contact Andreev reflection measurements, multiple superconducting gaps were suggested in
BiPd.23
These three compounds contain the heavy elements Re (Z=75), Bi (Z=83) and Pt (Z=78).
Therefore, we expect a strong ASOC interaction and novel superconductivity. Moreover,
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these compounds have non-centrosymmetric crystal structures different from each other.
Studying the superconducting properties, we aim to understand the relationship between su-
perconductivity and the ASOC with different crystal structures.
2. Experimental
The samples of Re7B3 were prepared by mixing the appropriate amounts of powders Re
(99.99%) and amorphous Boron (B) (99%) in a dry box and synthesized by arc melting in
high purity Ar gas.16 The sample of LaBiPt was made by use of the Bridgeman technique in
hermetically sealed Mo crucibles.17 The sample of BiPd was made by heating the individual
components (Bi, 99.999% pure, and Pd, 99.99% pure) in a high-purity Alumina crucible with
a pointed bottom, which is kept in a quartz tube that is sealed under a vacuum of 10−6 mbar.
Initially, the contents were heated up to 650 ◦C (melting point of BiPd) in 12 h and then kept
at 650 ◦C for 12 h. Thereafter, it was slowly cooled to 590 ◦C with a rate of 1 ◦C/h and, finally,
the furnace was switched off.22
For NMR/NQR measurements, the samples were crushed into powders. The Tc at zero
and a finite magnetic field H was determined by measuring the ac susceptibility using the in
situ NMR/NQR coil. The Tc of LaBiPt, and BiPd is 3.8 K and 1.2 K, respectively. The Tc of
Re7B3 is 3.3 K at zero filed and 2.6 K at 0.24 T.
A standard phase-coherent pulsed NMR spectrometer was used to collect data. Measure-
ments below 1.4 K were carried out in a 3He-4He dilution refrigerator.
3. Results and Discussion
3.1 Re7B3
Figure 1 shows the 11B-NMR spectrum at T=4.2 K obtained by fast Fourier transform
(FFT) of a spin echo. The full width at the half maximum (FWHM) of the NMR line is 11.9
kHz. The very sharp transition indicates the high quality of the sample.
Figure 2 shows the temperature dependence of 1/T1 of 11B. The nuclear magnetization
decay curve is fitted to the theoretical formula
M0 − M(t)
M0
= exp
(
−
t
T1
)
, (1)
with a unique T1 component. In the normal state above Tc, 1/T1varies in proportion to T ,
as seen in conventional metals, indicating no electron-electron interaction. As can be seen
clearly in the figure, 1/T1 is enhanced just below Tc over its normal-state value, forming a
so-called coherence peak (Hebel-Slichter peak), which is a hallmark of an isotropic super-
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Fig. 1. 11B NMR spectrum of Re7B3 measured at T=4.2 K under a magnetic field of H=0.24 T
conducting gap. The 1/T1S in the superconducting state is expressed as
T1N
T1S
=
2
KBT
" (
1 +
∆2
EE′
)
NS (E)NS (E′)
× f (E) [1 − f (E′)] δ(E − E′)dEdE′, (2)
where 1/T1N is the relaxation rate in the normal state, NS (E) is the superconducting den-
sity of states (DOS), f (E) is the Fermi distribution function and C = 1+ ∆2EE′ is the coherence
factor. Following Hebel, we convolute NS (E) with a broadening function B(E), which is ap-
proximated with a rectangular function centered at E with a height of 1/2δ. The solid curve
below Tc shown in Fig. 2 is a calculation with 2∆ = 3.2kBTc, r ≡ ∆(0)/δ = 4. It fits the
experimental data reasonably well. The parameter 2∆ is close to the BCS value of 3.5kBTc.
This result indicates an isotropic superconducting gap in this compound.
3.2 LaBiPt
Figure 3 shows the 139La (I = 7/2) NQR spectra of LaBiPt at T=4.2 K. Three transition
lines centered at 2.49, 4.98 and 7.47 MHz are observed which correspond to the transitions
between the adjacent levels (±1/2 ↔ ±3/2), (±3/2 ↔ ±5/2) and (±5/2 ↔ ±7/2), respec-
tively. The NQR frequency νQ = 2.49 MHz and the asymmetry parameter η = 0. Here νQ and
η are defined as
νQ ≡ νz =
3
2I(2I − 1)he
2Q∂
2V
∂z2
(3)
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Fig. 2. (color online) The temperature dependence of the spin lattice relaxation rate, 1/T1 for Re7B3, mea-
sured at a field of H=0.24 T. The straight line above Tc represents the T1T=const relation. The solid curve below
Tc is a calculation assuming the BCS gap function. For details, see the text.
1
2
± ↔ 3
2
± 3
2
± ↔ 5
2
±
5
2
± ↔ 7
2
±
1 2 3 4 5 6 7 8 9
N
Q
R
In
te
n
si
ty
[a
rb
.
u
n
it
]
frequency [MHz]
LaBiPt
T=4.2K
Fig. 3. 139La NQR spectra of LaBiPt measured at 4.2K.
η =
|νx − νy|
νz
, (4)
with Q being the nuclear quadrupole moment and ∂2V
∂α2
(α = x, y, z) being the electric field
gradient at the position of the nucleus. The FWHM of the NQR line are 28.0 kHz, 37.4 kHz
and 50.5kHz for (±1/2 ↔ ±3/2), (±3/2 ↔ ±5/2) and (±5/2 ↔ ±7/2), respectively. The
very sharp transition testifies the high quality of the sample.
Figure 4 shows the temperature dependence of 1/T1of 139La NQR. The 1/T1 was mea-
sured at the 1νQ (±1/2 ↔ ±3/2) transition. The nuclear magnetization decay curve is fitted
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Fig. 4. (color online) The temperature dependence of the 139La spin-lattice relaxation rate, 1/T1measured at
the ±1/2 ↔ ±3/2 NQR transition. The straight line above Tc represents the T1T=const relation. The solid curve
below Tc is a calculation assuming the BCS gap function. For details, see the text.
to the theoretical formula24
M0 − M(t)
M0
= 0.024 exp
(
−
3t
T1
)
+ 0.234 exp
(
−
10t
T1
)
+0.742 exp
(
−
21t
T1
)
, (5)
with a unique T1 component. In the normal state above Tc, 1/T1varies in proportion to T ,
which indicates no electron-electron interaction. As can be seen clearly in the figure, 1/T1 is
enhanced just below Tc over its normal-state value, forming a well-defined coherence peak.
The solid curve below Tc shown in Fig. 4 is a calculation with 2∆ = 3.42kBTc and r = 20.
The parameter 2∆ is close to the BCS value of 3.5kBTc. This result also indicates an isotropic
superconducting gap.
3.3 BiPd
Figure 5 shows the 209Bi (I = 9/2) NQR spectra of BiPd measured at T=4.2 K. Four
transition lines centered at 12.4, 14.3, 21.4 and 28.8 MHz are observed, which correspond to
the transitions between the adjacent levels (±1/2 ↔ ±3/2), (±3/2 ↔ ±5/2), (±5/2 ↔ ±7/2)
and (±7/2 ↔ ±9/2), respectively. The NQR frequency νQ = 7.31MHz and the asymmetry
parameter η = 0.35.
Figure 6 shows the temperature dependence of 1/T1of 209Bi, which was measured at the
4νQ (±7/2 ↔ ±9/2) transition. The nuclear magnetization decay curve is fitted to the theo-
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Fig. 5. 209Bi NQR spectra of BiPd measured at 4.2K.
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Fig. 6. (color online) The temperature dependence of the spin lattice relaxation rate, 1/T1 for BiPd, measured
at the ±7/2 ↔ ±9/2 transition. The straight line above Tc represents the T1T=const relation. The solid curve
below Tc is a calculation assuming the BCS gap function.
retical formula24
M0 − M(t)
M0
= 0.117 exp
(
−
3t
T1
)
+ 0.415 exp
(
−
9t
T1
)
+0.394 exp
(
−
16.5t
T1
)
+ 0.074 exp
(
−
30.5t
T1
)
, (6)
with a unique T1 component. In the normal state above Tc, 1/T1varies in proportion to T , as
seen in Re7B3 and LaBiPt. The 1/T1 is enhanced just below Tc over its normal-state value,
forming a suppressed, broad coherence peak. The result also indicates an isotropic supercon-
ducting gap dominating in BiPd. The solid curve below Tc shown in Fig. 6 is a calculation
with 2∆ = 2.7kBTc and r = 7. The parameter 2∆ is slightly smaller than the BCS value of
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3.5kBTc. Previously, a second superconducting gap was reported to appear below 2 K from
the point-contact Andreev reflection measurements.23 However, this feature is not seen in
our measurement. In a multigap system, 1/T1 should show an anomaly around the tempera-
ture where the second gap becomes appreciable compared to kBT .25 The absence of such T1
anomaly suggests that the second gap is small, if any.
3.4 Discussion
From the NMR/NQR measurements, the superconducting gap function is found to be
dominantly isotropic in Re7B3, LaBiPt, and BiPd, even though all these three compounds
contain heavy elements. Below we discuss briefly about the difference between these com-
pounds and known non-centrosymmetric superconductors. In Re7B3, Re atoms occupy 70%
of the unit cell, which means that the heterogeneity of the electric charge density is small.
This is probably a possible cause for the small ASOC. In fact, in the case of Mg10+xIr19−yB,
the heterogeneity caused by defects of Ir was found to enhance ASOC, and as a result, the
spin-triplet component is enhanced.26 In LaBiPt, the band splitting by ASOC at the Fermi
level is only a few meV,27 which is much smaller than 200 meV of Li2Pt3B.2815 In BiPd,
although all atoms break the inversion symmetry along all direction, Pd probably makes the
main contribution to the bands near the Fermi level, so that the ASOC is small. Indeed, the
band splitting at the Fermi level was calculated to be around 50 meV29 , which is smaller than
the value of Li2Pt3B, but close to the value of Li2Pd3B (30 meV).28 Our results indicate that
not only heavy elements, but also the extent of the inversion symmetry breaking is impor-
tant. This is consistent with the finding in Li2(Pt1−xPdx)3B,@where an abrupt decrease in the
Pt(Pd)6B octahedron-octahedron angle was found to dramatically enhance the ASOC.15
Nonetheless, we found a clear correlation between the band splitting caused by the ASOC
and the height of the coherence peak. Figure 7 shows the 1/T1 normalized by its value at Tc
against the reduced temperature for LaBiPt and BiPd. Generally, the height of the coherence
peak can be affected by many factors such as the anisotropy of superconducting gap, impurity
scattering, and phonon scattering.30 Here, we propose an alternative possibility. When a spin-
triplet component is induced, the corresponding gap component will have nodes. As a result,
the observed height of the coherence peak will be suppressed. The coherence peak for BiPd is
much smaller than that of LaBiPt. As mentioned already, the band splitting of BiPd (50 meV)
is much larger than that of LaBiPt (a few meV). A similar result was previously observed
in Mg10+xIr19−yB, where the coherence peak is suppressed when a spin-triplet component is
enhanced as evidenced by the Knight shift measurement.26 If it is also the case here, our
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Fig. 7. (color online) Normalized 1/T1 against the reduced temperature. The straight line above Tc indicates
the T1T =const relation. The curves below Tc are the same as in Fig. 4 and Fig. 6
result suggests that there exists substantial component of the spin-triplet state in BiPd. The
Knight shift measurement in a single crystal sample is required to quantitatively determine
such component.
4. Summary
We have presented NMR/NQR measurements on the non-centrosymmetric superconduc-
tors Re7B3, LaBiPt, and BiPd containing heavy elements. The spin-lattice relaxation rate
1/T1 shows a coherence peak below Tc and follows an exponential T variation at low temper-
atures for all samples. This result indicate that an isotropic superconducting gap is dominant
in Re7B3, LaBiPt, and BiPd. However, the much suppressed coherence peak height in BiPd
suggests that a substantial component of the spin-triplet state with nodes in the gap function
exists in BiPd. Our results indicate that heavy element is not the only important factor for
unconventional superconductivity to appear, but the crystal structure that breaks extensively
an inversion symmetry is required.
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